Abstract:To study the seismic response of underground structures, it is of great value to investigate their performance induced by seismic events. This paper reviews the correlation of ground motion parameters and seismic damage of underground structures, so that the influence of such seismic factors as the peak ground acceleration, peak ground velocity, earthquake magnitude, duration and frequency on the seismic damage of underground structures can be well explained.
Damage cases of tunnel structures documented by H. Dowding & Rozen (1978) , as shown in Figure 1 which was revised by Göran Bäckblom (2002) , suggest that no damage should be expected if the peak surface accelerations are less than about 0.2g, and only minor damage will be experienced between 0.2 and 0.4 g. According to the extended database of Owen& Scholl(1981), little damage would be expected for rock tunnels for peak ground accelerations below 0.4 g, as can be indicated from Figure 2 . Sharma & Judd (1991) further updated the previous database and concluded that no damage or minor damage occurred for PGA less than 0.15 g, which can be shown by Figure 3 .
Focusing on the damage induced by earthquake shaking other than by ground failure or fault movement, Power et al(1998) removed the relatively poorly documented cases as well as those caused directly by the other two seismic effects, and simultaneously added some recent cases, and then concluded that ground shaking caused less damage for PGA less than 0.2 g, some cases damaged ranging from slight to moderate damage with PGA between 0.2 g and 0.5 g, and some other cases suffered slight to heavy damage when PGA exceeded 0.5 g, as shown in Figure2. Besides, the case of 1923 Kanto earthquake with PGA equal to 0.2 g suffered heavy damage probably due to landsliding other than ground shaking. (Corigliano, 2007) ALA(2001) studied 217 bored tunnels which suffered strong ground motions and obtained the correlation of damage degree and peak ground acceleration, as shown in Table 1 , and it can be concluded that the general tendency is almost correspondent to previous conclusions. More recently, Corigliano(2007) updated the data derived from the post earthquake surveys after Chi-chi(Taiwan) and 2004 Niigata (Japan) earthquakes based on the database developed by Power et al(1998) , and by his investigation, the influence of PGA on damage did not show a clearly increasing trend, which might be induced by the uncertainty involved in the calculation of PGA using empirical attenuation relations. However, it can be inferred from Figure 3 that almost no damage occurred for PGA less than 0.15g, the threshold of PGA leading to moderate damage was 0.25g, while heavy damage occurred when PGA exceeded 0.35g.
It can be concluded from above that damage could be related to peak ground acceleration to some extent, which was confirmed byDowding & Rozen (1978) by pointing out that the use of acceleration as an index of acceleration could result in a workable method for determining the imminence of gross levels of damage.
Peak ground velocity
According to Corigliano(2007) , velocity-time histories could better capture the intense, impulsive character of near-fault records than PGA, and the response of underground structures is governed by the imposed strain field, which may be correlated to the Peak Ground Velocity (PGV) through the following relationship: PGS=PGV/ Ca Besides, the peak particle velocity resulting from an earthquake of a given magnitude can be predicted to fall within reasonable narrow limits, compared with peak ground acceleration(C.M.St John& T.F.Zahrah, 1987). Carpenter & Chung(1986) also concluded that there existed closer relationship between peak velocity-damage than between peak acceleration and damage. Thus the intensity of ground motion shaking for assessing seismic damage of underground structures is better quantified in terms of PGV at the free surface(Corigliano, 2007). Figure 5 , and showed that the moderate damage occurs with the PGV value ranging between 40 and 115 cm/s, which are higher than the values concluded by Owen & Scholl(1981) and Dowding & Rozen (1978) .The correlation between PGV and case numbers for moderate damage level is shown in Figure 6 . The reliability of the correlation between damage and PGV still needs to be further analyzed and verified due to that PGV is usually evaluated at the free surface and it is often estimated using attenuation laws which carry a certain level of uncertainty. However, the relation between PGVand damage can be used for preliminary assessment of stability of underground structures before performing more refined analysis (Corigliano, 2007) . 
Earthquake magnitude
Concerning with seismic damage of underground structures, several studies were carried out to correlate the damage level to earthquake magnitude, and the previous correlation is mainly focused on Richter magnitude. According to Dowding & Rozen (1978) , as shown in Figure 7 , no damage occur for Richter magnitude less than 5, and rare heavy damage could be expected for Richter magnitude less than 7.Sharma & Judd (1991) also contributed Richter magnitude to correlate the relevant damage degree to the earthquake intensity, and concluded that the cases of reported damage increased with increasing Richter magnitude, while more than half the damage reports were for events that exceeded magnitude 7.Corigliano(2007) correlated the damage cases to the moment magnitude and concluded that the level of damage increases as the earthquake magnitude increases, as shown in Figure 8 . (Corigliano, 2007) For the assessment of the general damage tendency induced by earthquake, all the above magnitudes could provide satisfactory results. However, moment magnitude would be preferred to develop more accurate relations with other factors, since most underground damage would more likely occur for larger earthquakes.
Duration
According to Dowing &Rozen(1978), duration of strong motion shaking during an earthquake is extremely important since it may cause fatigue failure and lead to large deformations, which is dependent on the total number of cycles induced by the ground shaking. Owen & Scholl(1981) also indicted that duration of strong seismic motion appeared to be an important factor contributing to the severity of damage to underground structures. Due to a lack of relevant available damage cases, no correlation between duration and damage level could be presented here.
Frequency
Frequency content is significant for buried structures in as much as the response of the soil layers in which they are embedded is sensitive to frequency content, and it is important with respect to stability of underground openings (Carpenter & Chung, 1986) . Dowing & Rozen(1978) suggested that the destructive frequencies may be expected mainly at small distances from a causative fault because higher frequency components attenuate more rapidly than the lower frequency components. The high frequency effect may also contribute to the local spalling of rock or concrete. Besides, frequencies most likely to damage sub-surface openings are significantly higher (50-100 Hz) than the frequencies (2-10 Hz) that cause damage to surface facilities (Pratt et, al, 1980) .
Conclusions
Based on the above surveys, one may conclude that The damage level of underground structures could be well correlated to ground motion parameters such as PGA, PGV and magnitude. PGV is more preferred to characterize the earthquake effect compared with PGA. Damage level increases with the increase of earthquake magnitude. duration and frequency are also of great importance to affect the performance of an underground structure during seismic events
